Abstract. Yang and Blake (1991 Vision Research 31 1177-1189 investigated depth detection in stereograms containing spatially narrow-band signal and noise energies. The resulting masking functions led them to conclude that stereo vision was subserved by only two channels peaking at 3 and 5 cycles deg"
Introduction
Converging evidence suggests that many visual dimensions in early vision are represented by multiple independent channels, each of which responds to a different range of stimuli along the dimension in question. One stimulus parameter that is processed in this way is spatial frequency. Both physiology and psychophysics suggest that pattern detection is mediated by a series of quasi-independent filters localised in spatial frequency (Blakemore and Campbell 1969; Stromeyer and Julesz 1972; see De Valois and De Valois 1988) .
In order to extract horizontal disparity in stereoscopic vision, the visual system must identify which feature in one eye's retinal image corresponds to which in the other. In a complex scene there may be many potential matches for a given feature, and hence this correspondence problem is nontrivial. Before the correspondence problem can be modelled and understood, it is essential that the nature of the matching primitives is fully understood. Choice of these primitives will influence both the severity of the correspondence problem, and constrain human stereo performance in a number of predictable ways.
An important question is whether, as in spatial contrast vision, input to the stereo mechanisms consists of multiple spatial-frequency-selective and orientation-selective 'channels'. Marr and Poggio (1979) demonstrated that this has important computational implications for the solution of the correspondence problem, and proposed an algorithm which uses matches at coarse scales to guide matches at finer scales. Moreover, if such channels do exist, their properties must be determined accurately, since they are likely to constrain models of subsequent processing and representation. To understand why, note that the problem of stereo vision can be reformulated as the attempt to find the peaks in the correlation function between two eyes' views in some small spatial locality. As the bandwidth of a putative spatial filter narrows, this correlation function becomes more locally regular which makes localisation of the peak easier, but it also becomes more ambiguous since the secondary peaks in the function grow larger (cf the wallpaper illusion). However, as the bandwidth narrows, receptive-field size necessarily increases, reducing the ability to code local spatial changes in disparity. It is clear that the computational strategy used by the visual system to measure these correlation functions, solve the correspondence problem, and represent the output depends crucially on the properties of this early filtering.
There is some physiological evidence to suggest that orientation-tuned and spatialfrequency-tuned channels might constitute the inputs to stereo vision. Disparity-tuned cells in VI have been shown to be both orientation-selective and spatial-frequencyselective in both monkey and the cat Wiesel 1962, 1968) . Moreover, Mansfield and Parker (1993) have produced human psychophysical evidence for the presence of orientation channels in stereoscopic vision, which are known to accompany spatial-frequency channels in pattern vision. The aim of the current experiment was to test psychophysical^ for the existence of spatially bandpass channels in stereo vision, and to make an estimate of their bandwidths and range.
There have been several previous attempts to show that multiple bandpass spatialfrequency filtering precedes stereopsis, most of which have used a masking paradigm. Masking can be conceptualised in terms of signal detection theory. Under normal circumstances, the task for the visual system is to detect a stimulus in the presence of internal noise. If external noise is simultaneously presented to the same channel, then signal strength required for detection will increase. However, if the noise has sufficiently different properties from that signal, then it will be analysed by a different channel, and performance will be minimally affected. By examining the range of masks that affect detection of a particular signal, the properties of the channel can be studied. Julesz and Miller (1975) demonstrated qualitatively that neither monocular nor binocular high-pass noise affected the perception of depth in a low-pass-filtered stereogram and vice versa, provided that the noise was at least two octaves away from the signal frequency. From this they inferred the presence of frequency-tuned analysers, although they did not provide enough data to learn anything quantitative about their tuning characteristics.
Yang and Blake (1991) performed a more thorough masking study in which they presented a fixed, suprathreshold bandpass signal, and lowered the contrast of monocular bandpass noise until subjects could discriminate in which part of the display a disparity pedestal was located. This was done for a series of signal and noise centre frequencies. From the resulting masking functions, they concluded that there were only two spatial-frequency channels underlying stereopsis, tuned to 3 and 5 cycles deg -1 , respectively. Tyler et al (1994) examined these data, and re-estimated peak sensitivities of these two channels to be at 2.5 and 7.0 cycles deg -1 . Both sets of authors conclude that pre-stereopsis frequency filtering is not narrow-band. Glennerster and Parker (1997) have questioned whether the different noise masks used by Yang and Blake were effectively equal in strength. Yang and Blake used noise at fixed absolute contrast levels, rather than relative to the detection threshold. Glennerster and Parker argued that it is important to consider the effects of passing the signal and noise through the modulation transfer function (MTF) of the early visual system (internal transfer function or ITF). This would have distorted the measurements such that the apparent peak masking was moved towards the point of peak visual sensitivity (see figure 1 ). Glennerster and Parker estimated the underlying contrast-sensitivity functions from the data of Yang and Blake, and have re-analysed their results. They claim that when this MTF is taken into account, the data are consistent with a range of narrow-band channels with peaks from 1.7 to 11.6 cycles deg -1 . Another potential problem with the Yang and Blake (1991) masking study is that, in a given experiment, the disparity of the pedestal relative to the background was fixed. Smallman and MacLeod (1994) have shown, using similar stimuli, that sensitivity to disparity is related to the spatial frequency, such that the peak sensitivity is usually at a 90° phase disparity. In Yang and Blake's study, detection may have occurred within channels that were not particularly responsive to the signal frequency, but were tuned to the signal disparity. This would also have made the masking curves gravitate towards a specific frequency. Shiori et al (1994) have repeated the masking experiment of Yang and Blake, using a different task involving judging in which direction a depth step occurs, and suggested that three spatial-frequency channels underlie stereopsis, peaking at 1.5, 2.0, and 4.0 cycles deg -1 , respectively. Again, it is surprising that channels only seem to be present within a range of about 1.5 octaves. Once more, however, the effect of the MTF was not taken into account, and all stimuli were presented at the same disparity value.
The present study constituted a further search for spatial-frequency channels in stereopsis using a masking paradigm. Unlike previous studies, the aforementioned problems have been addressed. We explicitly measured the MTF for each subject (experiment 1). These data were used to construct masks of equal effective strength and masking functions were measured (experiment 2). The linearity of this masking was investigated (experiment 3), and the masking functions were compared with luminance contrast masking (experiment 4). The data were then used to assess a current model of early stereoscopic processing (experiment 5).
Methods

Apparatus
Stimuli were presented in a Wheatstone stereoscope, consisting of two Apple Macintosh monochrome monitors controlled by a Macintosh 7500 Power PC. The viewing distance was 57 cm, which meant each monitor subtended approximately 16 deg x 21 deg. Video attenuators were used to allow us to display 12-bit images (see Pelli and Zhang 1991) . The effective nonlinearity of each screen was initially measured, and the stimuli were transformed by the inverse of this deviation from linearity, so that upon display the relationship between voltage and luminance was restored to linearity.
Stimuli
The stimuli consisted of a central fixation spot flanked by two patches that were presented binocularly in one of two depth configurations (see figure 2). Each patch consisted of a binocularly correlated signal that provided depth information, and a binocularly uncorrected noise mask. Both the signal and noise consisted of random noise that was filtered in spatial frequency and orientation, and presented in a Hanning (raised cosine) window (see below).
I Subject 1 I Subject J Figure 2 . Top view of two stimulus depth configurations. On each trial, subjects must discriminate between depth configurations A and B. In each case, the disparity of the left and right patches is equal and opposite.
The signal initially comprised a random binary noise patch into which disparity was introduced to produce the appropriate depth configuration. The noise initially comprised two binocularly uncorrelated random binary noise patterns. For both the signal and noise, the Fourier transform of each stereohalf was taken and the amplitude of each Fourier component was then passed through a filter that was Gaussian bandpass in both orientation and log spatial frequency. The orientation component of the filter was always centred around vertical, and had a half-height full bandwidth of 30° and the spatial-frequency component of the filter always had a half-height full bandwidth of 0.8 octaves. Signal frequency varied between 0.4 to 3.2 cycles deg -1 in octave steps, and mask frequency from 0.4 to 9.05 cycles deg -1 in half-octave steps. The centre frequencies of the signal and noise were manipulated independently between conditions. An inverse Fourier transform (IFT) was then performed on both the signal and noise patterns. The root-mean-square (RMS) contrasts of the signal and noise were adjusted, and the signal and noise were summed to make the final stimulus. An example of this filtering scheme is shown in figure 3 . The RMS contrast of the signal was varied within each experiment. The RMS contrast of the noise was always 5 times the detection threshold for that frequency as determined in experiment 1.
Each patch was 7 deg in diameter and presented at an eccentricity of 7.7 deg. The contrast of each stereohalf was modulated by a raised cosine window, so that the window was in the same position in both eyes and gave no depth information, but did provide an aperture which allowed relative-disparity detection. All stimuli were presented against a grey background which corresponded to the mean luminance 20.5 cd m _1 . The disparities introduced into the two signal patches were always such that one had a \ cycle of the centre signal spatial frequency of uncrossed disparity, and the other had a \ cycle of centre signal spatial frequency of crossed disparity. Hence, the magnitude of the disparity varied inversely with the spatial frequency. Figure 3 . Each stereohalf of the stimulus consists of signal and a noise. Each starts as a random-dot patch which is Fourier-transformed and filtered in orientation and spatial frequency. An inverse Fourier transform is then performed and the contrasts of the noise and signal are adjusted before they are combined.
Subjects and procedure
Subjects were experienced psychophysical observers with normal or corrected-to-normal vision. Subjects were asked to fixate their gaze on the central spot. Nonius lines were provided above and below the fixation spot to allow subjects to maintain accurate convergence. Stimuli were presented to subjects for 1000 ms. Pilot experiments had shown that qualitatively identical results are achieved with 150 ms and 1000 ms presentation times, so it is clear that vergence deviations are not a problem even if they occur with longer presentations. On each trial, the subject was asked to make a judgment about the relative depth of the two side patches. Subjects judged which patch had the uncrossed disparity (appeared behind the fixation spot). Signal contrast thresholds were measured for depth discrimination in the presence of different noise bands. Stimulus presentation was controlled with the use of Kontsevich and Tyler's (in press) Bayesian adaptive control function. Signal contrast was varied while noise contrast was kept constant in a given condition, and the 75%-correct performance point was estimated from the psychometric function. For each point measured subjects completed four sessions of 100 trials per session. Subjects were given audio feedback on each trial. Frisby and Mayhew (1978) first measured the luminance threshold for detection of depth in bandpass-filtered random-dot stereograms. For a wide range of disparities they found that the stereo thresholds were slightly higher than contrast-detection thresholds and that disparity had little effect. In an experiment similar to our own, Smallman and MacLeod (1994) showed that contrast-detection thresholds for a disparity-discrimination task depend crucially on the disparity used, and that the peak sensitivity always occurs at or slightly above 90° of the phase of the centre frequency in the filtered stimulus.
Experiment 1: Baseline detection thresholds
Contrast-sensitivity functions were measured (in the absence of noise) for both orientation-discrimination in the bandpass patches, and the stereoscopic depth-discrimination task. In the orientation-discrimination task, subjects judged whether the signal orientation was vertical or horizontal. An orientation-discrimination task (rather than a contrastdetection task) was employed to prevent the use of transients in our estimation of the MTF. The depth-discrimination task was as described earlier. The results for two subjects are shown in figure 4. These measurements are in concordance with previously reported results. Sensitivity for detecting contrast and for detecting depth, as a function of spatial frequency, is bandpass. Contrast-detection thresholds are always lower than depthdiscrimination thresholds. Mansfield and Simmons (1989) postulated that the higher detection thresholds in stereo-mechanisms are due to probability summation: the stimulus must be seen in both eyes in order to have a depth judgment, but contrast detection may be monocular. However, here the difference between detection and depth-discrimination thresholds seems too large to explain in this way. It is not clear why this is the case. These contrast-detection measurements were used to scale the noise contrast in the subsequent masking experiments. The stereo-detection data were used as a baseline for calculation of threshold elevation for detecting stereo depth in the presence of noise. . RMS contrast thresholds for patch detection and stereo depth discrimination for subjects SJP and RAE. The abscissa shows the spatial frequency of the patch, and the ordinate shows the threshold contrast for either patch detection or stereo depth discrimination.
Experiment 2: Masking thresholds
Signal thresholds for performing the depth-discrimination task were measured in the presence of noise as a function of signal and noise centre frequency. Noise was scaled so that it was always five times the previously determined contrast-detection threshold. Results are shown in figure 5 .
Results from both subjects show that for signal spatial frequencies from 0.8 to 1.6 cycles deg -1 , peak masking is always at the signal frequency. In the 0.4 cycle deg -1 condition, it is clear that the peak frequency is at 0.4 cycle deg -1 or below, because lowerfrequency masks would become broad-band with this fixed stimulus size. Masking functions are bandpass but are broadly tuned, with masking dropping off slowly as a function of spatial frequency. There is always some masking present at every frequency.
Experiment 3: Linearity of masking
In order to assess the true shape of the underlying spatial-frequency channels, the relationship between relative threshold elevation for the depth task and masking contrast must be known. At each signal frequency, threshold elevation was measured as a function of mask contrast when the signal was presented at the same spatial frequency for one subject (see figure 6 ). Log relative threshold elevation was plotted against log contrast and a straight line was then fitted to each function. It is clear that the slope, m, of Rescaling of data to simulate a constant 10% mask contrast. Original data for SJP are shown, for four spatial frequencies with signal spatial frequency on the abscissa and relative threshold elevation on the ordinate. At high and low frequencies, the peak masking position is pushed towards the centre of the graph, and no longer occurs at the signal frequency.
Centre spatial frequency /cycles deg each graph is close to 1. This means that the contrast gain response has very little effect on the shape of the masking curves.
Knowing the contrast response, we can now estimate how our data would have looked if the mask contrast had not been scaled relative to the detection threshold [as in the study of Yang and Blake (1991) ]. Figure 7 shows the masking functions re-plotted at a simulated constant mask contrast level of 10%, based upon the original masking data and the contrast response data. Notice that the peak masking position is no longer at the signal position for the lowest and the highest test frequencies. This is why Yang and Blake (1991) concluded that frequency channels are only present over a very limited range. Our data are compatible both with the hypothesis of Glennerster and Parker (1997) , and with the original data of Yang and Blake.
Experiment 4: Luminance channels
A contrast masking experiment was performed with very similar stimuli, so that the properties of contrast-detection and depth-discrimination masking functions could be compared for the same subjects and equipment. Subjects were asked to detect whether a binocular (zero disparity) signal was present to the left or to the right of the fixation spot on any trial in the presence of binocular uncorrelated noise. This was performed as a function of signal and mask frequency, and the 75% contrast-detection threshold was measured.
Results were very similar for both observers, and are comparable to other data from the literature (eg Stromeyer and Julesz 1972) . Results for subject SJP are shown in figure 8. Tightly tuned masking functions were observed, with almost no masking when the signal and noise were distant in frequency space. Figure 9 shows the bandwidths of the fitted Gaussians expressed as full width at half-height, averaged over both subjects for both tasks. Previous results from adaptation studies (Blakemore and Campbell 1969) , from Figure 9 . Comparison of bandwidths of masking functions for (a) contrast task and (b) stereo task (data averaged over both subjects). Note that bandwidths are always broader in the stereo task. All bandwidth measurements are expressed as full width at half-height. masking (Wilson et al 1983) , and from physiological recording from the monkey cortex (De Valois et al 1982) show a narrowing of bandwidth with increasing spatial frequency, and this is also evident in our masking results. Masking bandwidths were found to be larger for the depth-discrimination task than for the contrast-detection task. Schor and Wood (1983) measured the threshold disparity (d min ) as a function of spatial frequency for difference-of-Gaussians (DOG) stimuli and showed that below 2.4 cycles deg -1 the threshold was inversely proportional to stimulus centre frequency, but above this 'knee-point' frequency the threshold remained constant. Kontsevich and Tyler (1994) suggested, in the light of masking results of Yang and Blake, that this could be because the lowest channel peaked at 2.4 cycles deg -1 : below this, the contrast of the stimulus was effectively attenuated, which is known to be detrimental to stereoacuity (Halpern and Blake 1988; Legge and Gu 1989) . Experiments 1-3 suggest a re-evaluation of this hypothesis is needed.
Experiment 5: d Mn for stereopsis
It is difficult to compare our data with those of Schor and Wood (1983) , from whom Kontsevich and Tyler drew these conclusions, as our stimuli were different, and were presented in the near-periphery. To address this, we have measured d min for our stimulus configuration in order to make a direct comparison with our masking data.
Subjects were asked to perform the same task as before (depth discrimination). However, there was no noise present, and the signal contrast was held at a constant high suprathreshold value (RMS = 0.4). The minimum disparity present to perform the task at a 75% criterion was measured as a function of stimulus spatial frequency. The results for two subjects are shown in figure 10 .
Our data replicate the general features of the study by Schor and Wood (1983) . Below some knee-point frequency, thresholds increase with spatial frequency, but above this frequency, thresholds stay approximately constant as a function of spatial frequency. In our case, the knee-point was at about 1.5 cycles deg -1 . The masking results presented in the current paper provide evidence that there are spatial-frequency channels for stereopsis below this frequency. Hence, our results do not support the model of Kontsevich and Tyler. Figure 10 . Disparity-threshold data as a function of spatial frequency for subjects SJP and ML. Data form two distinct patterns. Below about 1.5 cycles deg -1 , thresholds increase as spatial frequency decreases. However, above this level, the curves are flat. This is in qualitative agreement with the earlier data of Schor and Wood (1983) . Best-fitting straight lines have been fitted to each of the sections for each subject. 0.1 1 10 Centre spatial frequency/cycles deg -1
Summary and discussion
In the present experiments we have attempted to demonstrate the existence of spatialfrequency channels for disparity detection. In the presence of binocular uncorrelated noise, the ease of detection of a bandpass signal was found to depend on the proximity of the noise and signal in frequency space. A possible criticism of this method is that the uncorrelated noise may itself result in spurious matches, and hence masking may occur at a level beyond stereopsis. If similar spatial frequencies code similar ranges of disparities (size -disparity correlation) then one might predict these results. To test for this possibility, additional measurements with monocular noise were made. Results (data not shown) were qualitatively extremely similar, although there was a general increase in detection thresholds at all frequencies. This is probably due to the inevitable interocular contrast difference present in this case (see Halpern and Blake 1988; Legge and Gu 1989) . Hence, we conclude that the use of binocular noise was more appropriate and that the results were not artifactual.
A further assumption of these experiments is that the contrast-sensitivity function represents MTF for the early visual system as proposed by Glennerster and Parker (1997) . Georgeson and Sullivan (1975) have provided evidence that, at least at high contrasts, this is not the case for contrast matching. However, it is quite possible that this correction process occurs after the locus of our analysis, which is assumed to be binocular matching mechanisms in the cortex. The results demonstrate the existence of spatial-frequency channels for stereopsis, but are still entirely compatible with the data of Yang and Blake (1991) . Schor et al (1984) measured stereoacuity as a function of the interocular frequency ratio in DOG patches for different absolute frequencies. Their results showed that stereopsis was only maintained if the patches had similar spatial frequencies, and this was interpreted as demonstrating the presence of spatial-frequency channels. However, an alternative interpretation of these data is simply that as the frequency difference increases, the correlation between the two half-images reduces to zero. These results can only be interpreted as demonstrating the existence of channels if several assumptions are made. Nonetheless, our data agree qualitatively with their general conclusions.
The bandwidths of these channels were measured and compared with data from a contrast masking experiment. It was found that channel size in octaves decreases slightly with frequency in both cases, and that stereo channels are more broadly tuned then their equivalent contrast-detection channels. In the depth task, there is always some level of masking at every spatial frequency, which is not true in the contrastdetection task. The reason for this is not clear. Our bandwidth estimates may be affected by 'off-frequency viewing', as described by Patterson (1974) . This means that detection does not always occur in the channel on which the signal is centred, but in a channel the other side of the noise. Depending on the channel shape, the signal-tonoise ratio here may be improved. This results in underestimation of channel bandwidths. However, this would not change our conclusions about the relative size of stereo and luminance spatial-frequency channels.
The fact that masking functions for contrast detection are relatively sharp compared with those for depth discrimination goes some way towards explaining why the re-scaling of the noise relative to the contrast-sensitivity function is less important in contrast masking: the distortion introduced by having masks with the same absolute physical contrast at different frequencies depends on both the narrowness of the actual channels and the steepness of the contrast-sensitivity function. If the change in channel gain is great compared with the change in the contrast-sensitivity function over a given frequency range, then the peak masking will not change a great amount.
Finally, the hypothesis that the d min data of Schor and Wood (1983) can be predicted by channel position was tested by re-measuring d min for our stimuli. Our data showed that the knee-point in the threshold-disparity data was found at about 1.5 cycles deg -1 . This is somewhat lower than the point identified by Schor and Wood, which is probably due to the fact that our stimuli were presented in near-peripheral rather than foveal vision. Our masking data have shown that spatial-frequency channels are present above and below this value. Hence, our data are incompatible with the notion proposed by Kontsevich and Tyler (1994) that the increase in d min at low frequencies is due to an absence of spatial-frequency channels below the knee-point frequency
